There is currently no consensus on the evolutionary origin of eukaryotes. In the search of the ancestors of eukaryotes, we analyzed the phylogeny of 46 genomes, including those of 2 eukaryotes, 8 archaea, and 36 eubacteria. To avoid the effects of gene duplications, we used inparalog pairs of genes with orthologous relationships. First, we grouped these inparalogs into the functional categories of the nucleus, cytoplasm, and mitochondria. Next, we counted the sister groups of eukaryotes in prokaryotic phyla and plotted them on a standard phylogenetic tree. Finally, we used Pearson's chi-square test to estimate the origin of the genomes from specific prokaryotic ancestors. The results suggest the eukaryotic nuclear genome descends from an archaea that was neither euryarchaeota nor crenarchaeota and that the mitochondrial genome descends from α-proteobacteria. In contrast, genes related to the cytoplasm do not appear to originate from a specific group of prokaryotes.
INTRODUCTION
Identification of the ancestors of eukaryotic cells is an ongoing challenge for evolutionary biologists. Some propose a mosaic inception-the nucleus derived from archaea and the cytoplasm, from eubacteria (Gupta and Golding, 1996; Emelyanov, 2003; Horiike et al., 2001 Horiike et al., , 2002 Horiike et al., , 2004 Lake and Rivera, 1994; Rivera and Lake, 2004) . A ring of life obtained from 5 major topologies using comprehensive phylogenetic trees shows an origin closely related to crenarchaeota and α-proteobacteria (Rivera and Lake, 2004) . The counting of the sister groups of eukaryotes in comprehensive phylogenetic trees constructed from open reading frame (ORF) data suggests that eukaryotes descended from cyanobacteria, α-proteobacteria, and archaebacterial. Thermoplasmatales (Pisani et al., 2007) .
However, previous analyses based on the tree topology (Rivera and Lake, 2004; Pisani et al., 2007) have 3 drawbacks. First, the gene datasets used in the analysis have not been divided into the groups of the nucleus, cytoplasm, and mitochondria. Therefore, it is difficult to discuss the origins of the nucleus, cytoplasm, and mitochondria separately. Second, the results presented in these studies were not statistically evaluated. As a result, the conclusions derived from these studies might not be reliable. Third, these studies did not address the influence of gene duplications that result in outparalogs and inparalogs (IP) (Sonnhammer and Koonin, 2002) . Outparalogs often cause misconstruction of trees, and IP may hinder the detection of correct sister groups. Outparalogs are paralogs in a given lineage that duplicated by gene duplications before speciation as opposed to IP that duplicated after speciation. To clarify the origin of the nucleus, cytoplasm, and mitochondria, we focused on the origin of genes belonging to each of these 3 categories. We also identified eukaryotic orthologous-related IP (OIP) and counted neighbouring lineages of eukaryotes for these 3 categories to avoid the influence of outparalogs. To determine whether eukaryotic genes originated from a specific prokaryote with high significant frequencies, we carried out Pearson's chi-square test for statistical analysis. Here, we report the origin of eukaryotic genomes based on the results of the above mentioned analyses.
METHODS
Construction of ORF datasets ORF data and small subunit ribosomal RNA sequence data were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa et al., 2006 ; <http://www.genome.ad.jp/ kegg/>). ORF data were selected from prokaryotic phyla with more than 4 species in the KEGG database. To avoid the influence of the choice of sequences, we used a random extraction method to choose 4 species in each prokaryotic phylum (Saruhashi et al., 2007) . Thus, we focused on 4 species from the best combination of species in trees with the most plausible topology. Although phyla Aquificae, Deinococcus-Thermus, and Thermotogae had less than 4 species, we used these phyla to determine the root and sister group of eukaryotes. Finally, ORF data from 44 prokaryotes and 2 eukaryotes were compiled in Table 1 . Homo sapiens (Hsa) and Arabidopsis thaliana (Ath) served as models for animals and plants.
Identification of eukaryotic OIP related to Hsa and Ath The FASTA program (Pearson and Lipman, 1988) was used to compare all ORF sequences among the chosen species. We searched for reciprocal best hits to find candidates of orthologous genes and OIP pairs (Remm et al., 2001; Horiike et al., 2004) . When a query ORF from an organism showed a higher degree of similarity to ORFs in the same organism than to ORFs in another organism, we designated this query ORF as a species-specific high similarity ORF (Horiike et al., 2004) . When at least one member of a species-specific high similarity ORF was included in another species-specific high similarity ORF, we grouped these ORFs to form IPs. An orthologous ORF with no paralogs was regarded as an OIP. By constructing OIP with the sequences of these 2 eukaryotes, we avoided the influence of plastid genomes and speciesspecific genes of eukaryotes. In total, we assembled 1027 OIP datasets, including non-duplicated genes, at the threshold of E = 10 -10 .
Construction of phylogenetic trees
Multiple alignments for amino acid sequences in each OIP were carried out using the ClustalW 1.8 program (Thompson et al., 1994) . For all sequences, our program deleted sites with gaps or undetermined amino acid sequences covering more than 50% of the alignments. We then used MrBayes ver. 3.1 to construct phylogenetic trees by the Markov Chain Monte Carlo method (Fredrik and John, 2003; Ronquist and Huelsenbeck, 2003) . The settings were as follows: rates (adgamma), brlenspr (unconstrained: Exp(10.0)), aamodelpr (fixed (blossum)), numsamp (10,000), burnin (100,000), and sampfreq (100). Molphy package ver. 2.3b3 showed the maximum likelihood trees (Adachi and Hasegawa, 1992 , 1995 . The Jones, Taylor, and Thornton (JTT) model used a setting for the substitution model (Jones et al., 1992) . The neighbourjoining method helped to reduce the calculation time required to construct the guide trees.
Selection of phylogenetic trees for each eukaryotic OIP Topology of trees containing outparalogs was not always the same as that of trees with no paralogs. Therefore, we excluded trees with outparalogs for the 2 eukaryotes from the analysis. Because prokaryotic IPs amounted to less than 1% of the total, we did not consider prokaryotic outparalogs. Figure 1 shows 3 examples of acceptable and unacceptable cases for the analysis. Accurate phylogenetic trees with the same phylogenetic relationship were identified by 2 independent programs. MrBayes used the Markov Chain Monte Carlo method, and Molphy employed the maximum likelihood method. After the selection, we calculated the bootstrap (BS) test score for each node to classify trees at thresholds with their minimum BS values ≥ 50 (Felsenstein, 1985) . Thus, we selected 386 trees at the threshold of E = 10 -10 . Construction of gene categories related to the nucleus, cytoplasm, and mitochondria Functional gene categories were constructed as described in Table 2 ( Horiike et al., 2001 ; MIPS Arabidopsis thaliana Database, MAtDB; Schoof et al., 2004 ; <http://mips.gsf.de/proj/ thal/db/index.html>). Homology-hit analysis enabled us to select categories whose origins might be archaea (potential nucleus) or eubacteria (potential cytoplasm and potential mitochondria) homologous to prokaryotes and Saccharomyces cerevisiae (Horiike et al., 2001) . We then classified the OIP data into the corresponding functional groups of genes.
Counting and mapping of the phylogenetic trees
Since these trees were unrooted, the program searched for the root by referring to the topology of a standard tree. We investigated 3 types of a standard prokaryotic tree. The first type of standard tree was obtained by the random extraction method (Saruhashi et al., 2007) , in which 16S ribosomal RNA sequences were randomly extracted 1000 times from each phylum. These datasets were used to construct the corresponding phylogenetic trees for determining the most probable topology. The second type of standard tree was the prokaryotic supertree based on 5741 orthologous genes from 168 species (Pisani et al., 2007) . The third type of standard tree illustrated phylogenetic relationships of 31 universal protein families with indisputable orthology in 199 species (Ciccarelli et al., 2006) . In Fig. 2 , examples 1 (Pb1 IP1 and Pb2 IP1) and 2 (Pa1 IP1, Pa2 IP1, Ch1 IP1 and Ch2 IP1) are sister groups of eukaryotes. In example 1, we counted only one prokaryotic phylum (Pb). In example 2, we counted multiple phyla (Pa and Ch). If the genes of Pa and Ch had been transferred to ancient eukaryotes individually, the sister group of eukaryotes would be Pa or Ch. However, it seemed more likely that a gene from a common ancestor of Pa and Ch was transferred to the ancient eukaryotic genome. Hence, we counted the sister group of eukaryotes that had the common ancestor of Ch and Sp (i.e. the common ancestor of Pb, Pg, Pa, Fi, Ac, Ch, and Sp).
Test for significant differences in the origins of the OIP groups To determine whether eukaryotic genes originated from a specific prokaryote with high significant frequencies, we used Pearson's chi-square test for statistical analysis.
The terms "observed" and "expected" denote frequencies. "Observed" corresponds to the number of sister groups of eukaryotes plotted on the phyla or nodes in each standard tree. We calculated "expected" as the average number of frequencies for each phylum or group of phyla by assuming sister groups of eukaryotes from all points that had equal frequency.
RESULTS AND DISCUSSION
Here, we used a phylogenomic approach to determine the origin of eukaryotes. We used reciprocal best hit pairs to compile OIP datasets by comparing the ORFs of whole genomes (Table 1) . We also grouped the OIP genes into the functional categories of the nucleus, cytoplasm, and mitochondria (Table 2) . To confirm the validity of the predicted phylogenetic trees, we compared the trees constructed by Bayesian analysis (Fredrik and John, 2003; Ronquist and Huelsenbeck, 2003) with those constructed by the maximum likelihood method (Adachi and Hasegawa, 1992 , 1995 . Figure 1 illustrates 3 typical paralog cases, and Fig. 2 shows the sister groups of eukaryotes counted by the random extraction method. Figure 3 shows the results of eukaryotic sisterhood counted phylogenetic trees constructed from eukaryotic OIP at the threshold of E ≤ 10 -10
and BS minimum value ≥ 50. The standard trees were of 3 types: (A) a tree constructed by the random extraction method (Saruhashi et al., 2007) , (B) a prokaryotic supertree (Pisani et al., 2007) , and (C) a tree showing phylogenetic relationships of universal protein families with indisputable orthology (Ciccarelli et al., 2006) . The numbers at each node and phylum of the sister groups of eukaryotes denote the results for the functional categories. In 3 trees, the numbers of α-proteobacteria phylum in the mitochondria category as well as the common ancestor of euryarchaeota and crenarchaeota in the category nucleus were highly significant (P ≤ 0.001). In contrast, in the category cytoplasm, the chi-square test indicated no significant difference in any node or phylum. The large number of sister genes of α-proteobacteria or Fig. 3 . Eukaryotic sisterhoods in three prokaryotic standard trees. (A) Standard phylogenetic tree constructed by the method of random extraction (Saruhashi et al., 2007) . (B) Standard phylogenetic tree based on the prokaryotic supertree (Pisani et al., 2007) . (C) Standard phylogenetic tree (Ciccarelli et al., 2006) . Three values on each node and phylum are shown for the categories mitochondria, nucleus, and cytoplasm. Asterisks indicate P values from Pearson's chi-square test: *(P ≤ 0.05), **(P ≤ 0.01), and ***(P ≤ 0.001). P values ≤ 0.001 are shown in brackets at each node and phylum. Abbreviations for taxa are in ), the results of chi-square distribution tests with genes in the nucleus and mitochondria categories were also highly significant (P ≤ 0.001). Hence, we rejected the null hypothesis that there are no differences between the observed and expected frequencies of each prokaryotic lineage of sister groups in eukaryotes. The tests also showed that genes in the mitochondria category form a sister group of the most recent common ancestor of α-proteobacteria (P ≤ 10 -13
). Thus, our method appeared to be valid and consistent with those reported previously (Gabaldon and Huynen, 2003; Rivera and Lake, 2004; Yang et al., 1985) .
In all standard trees, the numbers for the common ancestor of euryarchaeota and crenarchaeota in the nucleus category were highly significant (P ≤ 10 -76 ). This P value was more significant than that obtained in the mitochondria category used as a positive control. In addition, the node branching from euryarchaeota and crenarchaeota was the same as that in a composite phylogenetic tree of elongation factors Tu and G (Iwabe et al., 1989) . There are 2 possible explanations for this. The nuclear genome originated from an archaebacterial lineage that belonged to neither euryarchaeota nor crenarchaeota or it originated from a common ancestor of archaea. The time of divergence into euryarchaeota and crenarchaeota is estimated to be 3.314 to 4.486 billion years ago (Battistuzzi et al., 2004) . Eukaryotes emerged about 1.5 billion years ago (Feng et al., 1997) ; therefore, the first possibility appears to be more valid.
We constructed phylogenetic trees for each gene in 2 eukaryotic genomes (Hsa and Ath) and for the homologous genes in 42 prokaryotic genomes. We then searched for the sister groups of eukaryotic genes and counted these groups for all trees. The origins of eukaryotic genes were estimated by the statistical analysis of the number of sister groups. A unique feature of this analysis was that all eukaryotic genes were categorized in advance as those belonging to the nucleus, cytoplasm, and mitochondria to estimate the origin separately. Furthermore, outparalogs were excluded from our dataset to obtain more reliable trees. Although the origin of the cytoplasm remains unclear, our results confirmed that the eukaryotic genes of the nucleus, cytoplasm, and mitochondria are derived from different ancestors. We also suggest that the genes of the nucleus category are derived from archaea, which belongs to neither euryarchaeota nor crenarchaeota. Expansion of genome databases can facilitate further elucidation of the origin of genes in the cytoplasm category.
